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Flow cytometry is an essential technique in biomedical discovery for cell counting, cell sorting, and biomarker
detection. In vivo flow cytometers based on one-photon or two-photon excited fluorescence have been
developed for over a decade. One drawback of the laser beam scanning two-photon flow cytometer is that
the two-photon excitation volume is limited to the focal spot due to the short Rayleigh range of focused
Gaussian beams. Hence, the sampling volume is much smaller than in one-photon flow cytometers, making it
challenging to count or detect rare circulating cells in vivo. Non-diffracting light waves like Bessel beams and
Airy beams have narrow intensity profiles with an effective spot size as small as several wavelengths, making
them comparable to Gaussian beams. More significantly, the theoretical depth of field (propagation distance
without diffraction) can be infinite, making them an ideal solution as a light source for scanning beam flow
cytometry. The trade-off of using Airy beams rather than Gaussian beams is side lobes Airy beams have, which
contribute to background noise. Two-photon excitation can reduce this noise, as the excitation efficiency is
proportional to intensity squared. Therefore, we developed a two-photon flow cytometer using 2D Airy beams
to form a light-sheet that intersects the blood vessel a microfluidic channel, which was used to model a blood
vessel. The setup can successfully detect and count flowing fluorescent microspheres in a microchannel.

1. Introduction infrared lasers has the advantage of deeper penetration depth over one-
photon excitation using visible lasers due to less tissue scattering in the
near IR wavelength region and has achieved 1.4 mm penetration depth
in fluorescence microscopic imaging of mouse brain tissue [24]. There-
fore, integrating two-photon fluorescence into in vivo flow cytometry
has been an ongoing research effort [9,25-27].

However, this improvement in penetration depth from two-photon
excitation comes at the cost of reduced sampling volume. Typically,
the laser beam is focused by a cylindrical lens to form a light-sheet
to provide good cross-sectioning of blood vessels under one-photon
excitation [2]. Two-photon excitation is a nonlinear process, which can
only achieve efficient excitation within the focal volume of a focused
Gaussian beam. The laser beam is scanned to cross-section the vessel.
The focusing depth (Rayleigh range) of Gaussian beams (<1 pm) is
usually much smaller than the diameter of blood vessels (10-100 pm).
Therefore, the sampling volume of a conventional two-photon flow
cytometer is much smaller than that of a one-photon flow cytometer. A

Flow cytometry is commonly used in classifying cell types in
biomedical research and clinical diagnosis [1]. In the last decade, in
vivo flow cytometry has emerged as an essential tool to count circulat-
ing cells and detect biomarkers with broad applications in quantifying
circulating tumor cells, immune cells, and red blood cells [2-4]. Three-
dimensional reconstructed imaging of cells has also been demonstrated
in vitro using continuous microscopic flow cytometry techniques [5,6].
These quantitative studies provide information on tumor cell metastasis
[7-16], tumor-secreted molecules [17], immune response [18], malaria
diagnosis [19], sickled red blood cells [20], and circulating blood clots
[21]. Most in vivo flow cytometers use laser light for excitation to detect
the subsequent fluorescence, acoustic signals, or scattering after the
light is absorbed/scattered by molecules within cells. One big challenge
for in vivo flow cytometry is the limited detection depth due to tissue

scattering of light, which makes it only suitable for detecting superficial
vessels in mouse ears, retinas, or tails [15,16] unless techniques are
used to optically clear the tissue [22,23]. Multiphoton excitation using
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larger light-sheet permits the cross-sectioning of larger-diameter vessels
allowing for the sampling of larger volumes of blood per unit time.
These larger light-sheets with efficient excitation can therefore make in
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Fig. 1. Experimental setup of a laser scanning two-photon flow cytometer with Airy beams. PMT: photomultiplier tube, SLM: spatial light modulator.

vivo flow cytometry more practical for use as a clinical diagnostic tool
by increasing the sampling speed. This is particularly true for detecting
rare cells or particles, where large volumes of blood may need to be
sampled [28].

Light-sheet microscopy, also called selective plane illumination mi-
croscopy, was developed more than two decades ago [29]. Two-photon
excitation has been successfully incorporated into laser scanning light-
sheet microscopy with a significantly improved penetration depth [30],
increasing the possibility of high-speed deep tissue imaging. Typically,
the laser beam used is a fundamental Gaussian beam, and the beam
diverges quickly while moving away from its focal spot. The light sheet
formed from this scanned Gaussian beam is non-uniform due to this
rapid divergence. The center of the light sheet has a thinner depth
since it is made of focused Gaussian beam spots, while the two ends
of the light sheet are thicker due to the divergence of the Gaussian
beam. This anisotropic light distribution degrades image quality since
the excitation efficiencies from each end are much lower than that from
the center. Bessel beams are Bessel-function solutions for scalar wave
equations with non-diffracting characteristics [31-33]. These beams
can have narrow intensity profiles with an effective spot size (FWHM)
as small as several wavelengths, making them comparable to Gaussian
beams. More significantly, the theoretical depth of field (propagation
distance without diffraction) can be infinite, making it an ideal solution
as a light source for scanning beam light-sheet microscopy [34-36]. The
trade-off of using Bessel beams rather than Gaussian beams is would be
the increase in background noise due to the concentric rings that Bessel
beams have. In order to achieve good axial resolution, a structured
illumination approach is typically applied to remove signals generated
by the concentric side rings [34]. Two-photon excitation can reduce this
noise as the excitation efficiency is proportional to intensity squared
[37-40]. The use of Bessel beams to generate light-sheets for two-
photon flow cytometry has been developed for counting fluorescent
particles in microfluidic channels [41].

Bessel beams belong to a family of non-diffracting beams with wave
equation solutions in homogeneous media that are able to resist the
effects of diffraction for long distances [32,42,43]. These beams all
have a self-healing feature after scattering since they preserve the beam
intensity profile after distortion [44,45]. The self-healing property has
been demonstrated experimentally using scanned Bessel beams for
microscopy through scattering materials, including glass beads and
human skin, yielding reduced scattering artifacts, improved image
quality, and increased penetration depth [46]. Another unique feature
of these beams is that they all have an accelerating trajectory, i.e. a
bending propagating trajectory as defined by the main peak location
[43,47-49]. Within the non-diffracting beams family, Airy beams have
been the focus of research for imaging since they have an almost
three times larger penetration depth compared to Bessel beams [50].
The use of holography to modulate the spatial phase front, thereby
converting Gaussian beams into Airy beams, has been widely studied.
[51-54]. More interestingly, this approach can generate an array of

Airy beams from one single-phase mask [55]. All these accelerating
beams have side fringes in their beam intensity profiles, and, as men-
tioned above, two-photon excitation can reduce the noise produced
by the side fringes. Therefore, integrating Airy beams into two-photon
light-sheet microscopy will significantly increase the penetration depth
and reduce the noise from side fringes. Until recently, only limited work
has been focusing on this direction [56,57]. The focus of this study is
to develop a two-photon flow cytometer with laser scanning 2D Airy
beams as the light source. This scanned Airy beam forms a light-sheet
that will fully cross-section microfluidic channels in the dimensions
close to 100 pm, demonstrating its potential for future study within live
animals.

2. Methods

The schematic drawing of this setup is shown in Fig. 1. The light
source is a femtosecond laser (100 fs, 690 nm to 1040 nm, 2.5 W,
Mai Tai HP, Spectra-Physics). The laser beam is expanded through a
telescope to match the size of the spatial light modulator (SLM, active
area diagonal of 0.7" with an aspect ratio of 16:9, PLUTO-NIR-010,
Holoeye Photonics). The phase profile for each Airy beam on the SLM
is calculated and loaded onto the SLM via a personal computer. After
leaving the SLM, the Airy beam passes through a pair of relay lenses
to reduce its diameter to match the size of the galvanometric mirror,
which scans the Airy beam in the horizontal direction to produce a
light sheet. After passing through another pair of relay lenses, the
scanned Airy beam is directed into an objective lens (Nikon Apo VC
60 x 1.20 WI). This light-sheet then cross sections the microfluidic
channel (75 pm x 75 pm, 02-0768-0106-05, Labsmith). The suspended
microspheres in media flow through the microfluidic channel at speeds
up to 2.0 mm/s (0.0012 ml/min). The flow speed is controlled by
a syringe pump (Fusion 200, Chemyx). To achieve potential in vivo
cell counting capability, it is necessary to implement epi-detection
through the illumination objective; therefore, a dichroic mirror is used
to reflect the fluorescence signal into a PMT (R10699, Hamamatsu)
with bandpass filters. A data acquisition (DAQ) card (USB-6341-BNC,
National Instruments) collects the electrical signal from the PMT. Data
from the DAQ card is automatically captured via a Python script, and
a separate Python script analyzes the number of fluorescent peaks to
provide a count. Captured data is smoothed using a moving-window
average of 10 consecutive sample points.

Fluorescent microspheres with an excitation peak at 505 nm and
emission peak at 515 nm were purchased from Fisher Scientific (Invit-
rogen FluoSpheres Polystyrene Microspheres, 15 pm diameter, yellow—
green fluorescent 505/515). The testing solution was prepared in a
two-stage process by suspending the microspheres in a predetermined
volume of polysorbate 80 (PS80) in a microcentrifuge tube that was
first agitated with a vortex mixer to ensure proper solution and sus-
pension before adding distilled water to bring the solution to a concen-
tration of 2.0 x 10° spheres/mL and 1% PS80, by volume. Then it was
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Fig. 2. 2D Airy beam characterization. (a) The telescopic setup (dashed box) to measure Airy beam profile includes a second objective, a lens, and a camera. (b) Phase mask
displayed on SLM to generate 2D Airy beams. (c) Intensity of the 2D Airy beam recorded by a CCD camera. Scale bar: 10 pm. (d) Intensity profile across the 2D Airy beam in

x-direction.

agitated again in the vortex mixer before being placed into the syringe
pump. This process allows the PS80 to coat the microspheres properly
and prevents agglomeration for smooth flow within the syringe pump
and microfluidic channels.

3. Results

The average speed of flowing cells in the human body is about
1 mm/s, and the diameter of these cells is about 10 pm. It takes about
10 ms for a single cell to pass through the cross-section of the blood
vessel. To ensure that the scanned 2D Airy beam intersects each flowing
cell at least once, the minimum scanning rate must be 100 Hz. In our
experiment, this scanning rate was set at 444 kHz. Assuming the size of
the blood vessel is 100 pm, the dwelling time of the Airy beam on the
cell is about 0.09 ms. Therefore, the sampling rate of the DAQ card was
set at 250 ks/s. Ideally the main lobe of the 2D Airy beam would occupy
a high percentage of the total beam energy for efficient two-photon
excitation. On the other hand, to maintain a long Rayleigh range, the
Airy beam needs to have more side lobes, which takes up more energy.
Therefore, there is a trade-off between these two requirements. The
spatial Fourier spectrum of 1D Airy beam is given by the equation

$o(k) = exp (—ak?) exp(% (k* = 3d*k — id®)),

where k is the normalized spatial frequency, and a is a decay factor
determining Airy side lobes [58]. Propagation of Airy beams in free
space and after focus has been studied before [59,60]. In this flow
cytometer setup with a 60x objective, we are using a tightly focused
Airy beam for detecting microscopic structures. The shorter the focal
length of the objective lens is, the shorter the Rayleigh range is [59].
We varied the parameter a in a range to find the appropriate Rayleigh
range ~100 pm to fully intersect the vessel in the experiment.

In order to measure the beam profile of the Airy beams at the
focus of the illumination objective lens, we constructed a telescope
(Fig. 2(a), dashed box) to expand this Airy beam and project it onto a
CMOS camera. One dimensional (1D) Airy beams have been commonly
generated for characterization. However, they are not suitable for light-
sheet microscopy since the non-diffracting behavior only happens in the
Airy function dimension (x). In the other lateral dimension (y) the 1D
Airy beam still has diffraction behavior. We have generated 2D Airy
beams by using the appropriate phase mask, shown in Fig. 2(b). It is
displayed on the SLM and fills up the center portion of the SLM, and the
incident Gaussian beam size matches the size of this SLM. The phase
modulation in each dimension (x and y) is a third order function of
normalized lateral wave vectors (k, and ky)[58]. The intensity profiles

are measured with the telescope setup in Fig. 2(a), and the results
are shown in Fig. 2(c) and 2(d), which clearly demonstrate an Airy
function. The FWHM of the main lobe in this Airy beam is about 3 pm.
The main lobe contains about 70% of the total beam energy, similar
to previous experiments [61]. The phase modulation depth determines
the main lobe size, energy, and the number of side lobes. This will be
discussed below.

We further characterized these 2D Airy beams’ propagation in the
z-direction. The intensity features of this exemplary Airy beam re-
mained invariant up to 100 pm (Figs. 3(a)-3(e)). Although ideal Airy
beams have infinitely long non-diffracting propagation distances, ex-
perimentally generated Airy beams are always truncated by factors
such as objective lens aperture and hence can only achieve limited
non-diffracting propagation distances. We were able to generate Airy
beams with non-diffracting distances around 100 pm to form light-sheet
cross-sections of a microchannel of similar size. Longer non-diffracting
distance requires greater phase modulation depth, which leads to more
side lobes, reduced main lobe energy, and lower two-photon excitation
efficiency. Therefore, there is a trade-off while developing Airy beams
for deep vessel cytometry and imaging. The accelerating behavior
in two dimensions of this 2D Airy beam is clearly demonstrated in
Fig. 3(f), where the main lobe’s peak-intensity location is plotted vs. the
propagation direction (z). The main lobe’s parabolic trajectory becomes
evident in both x and y directions. For clarification, this acceleration
behavior only refers to the peak intensity of the main lobe, while the
center of gravity of the wave front energy still propagates in a straight
line. As mentioned above, the depth of phase modulation determines
the Airy beam lobe features. We used an empirical parameter k; to
describe such phase modulation in each dimension (x & y), which is
effectively a wave vector of the phase change patterns in real space. The
higher this k; is, the faster the phase change is, and consequently the
more prominent the side lobes are. Fig. 3(g) compares the propagation
phenomena of three Airy beams with k; = 5, 6, and 7. The FWHMs
in the z-direction of these three Airy beams are 80, 90, and 100 pm
respectively for k; = 5, 6, and 7, demonstrating that the propagation in-
variant distance increases as the phase modulation increases. We chose
Airy beams with k; = 7 for later flow cytometry experiments to ensure
good intersection with the microfluidic channel of a cross-sectional area
75 pm X 75 pm.

Scanning this 2D Airy beam using a galvanometric mirror formed
a light-sheet in the x—z plane (Fig. 3(h)). The span of this light-sheet
in the x-direction was about 100 pm, and the scan rate was 1 kHz.
Considering that the flow speed within an artery is on the order of
1 mm/s, and that the diameter of microspheres/leukocytes is about
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Fig. 3. Airy beam propagation. Intensity image of a 2D Airy beam at (a) z =0 pm, (b) 25 pm, (c) 50 pm, (d) 75 pm, (e) 100 pm, and (f) the accelerating trajectory of this 2D Airy
beam. (g) Peak intensity of Airy beams in the z-direction. Airy phase masks are defined by the parameter k,, which determines the amount of phase modulation. Here we show
three values, where k;, =5, 6, and 7. (h) Cross-sectional view of the scanned 2D Airy beam in the x-z plane. Scale bar: 10 pm.

10 pm, it would therefore take 10 ms for a single leukocyte to pass
through this light-sheet. Therefore, we determined that a scan rate of
1 kHz would easily ensure multiple excitations of fluorescence from
each flowing particle and result in repeated peaks in the time trace of
recorded signals. There were multiple side light-sheets due to scanned
side lobes. Since the main lobe contains the majority of the light energy
(~70%), two-photon excitation was predicted to significantly suppress
the fluorescence signals generated by these side sheets.

Next, for the two-photon excitation of flowing fluorescent micro-
spheres, we generated a light-sheet with 720 nm light at a scanning
rate of 444 Hz. A microsphere solution, prepared as described above
at 2.0 x 105 spheres/mL and 1% PS80, was placed in a syringe pump
with a flow rate of 3.0 X 10~% ml/min. The fluid velocity through this
microfluidic channel was estimated to be about 0.9 mm/s with the
intended rate of 1 sphere/s flowing through this light-sheet. The data
acquisition rate of the DAQ card was 250,000 samples/s. We expected
to see each microsphere emit fluorescent signal for about 1.60 x 10~2
seconds, corresponding to 7.4 scans of the galvanometric mirror per
microsphere. A representative trace of the fluorescence signals is shown
in Fig. 4(a). The signal-to-noise ratio was around 10, and each peak

comprised multiple peaks at a period of 1.1 x 103 seconds, as shown
in the zoomed-in view (inset in Fig. 4(a) and Fig. 4(b)),. Since the
scanning rate of this Airy beam was 444 Hz, the laser beam intersected
the flowing microspheres at a rate of 888 Hz from the forward and
backward scans. Hence, the theoretical period of fluorescence signals
is about 1.1 x 103 seconds, which matches the experimental result.
Analysis of these fluorescence signals found that microsphere velocities
ranged from 0.3 mm/s to 0.9 mm/s. We recorded 10 one-minute traces
(Supplementary Data) and calculated the average rate of detected
peaks to be 75 peaks/min, which is close to the predicted frequency
of 60 microspheres/min. Together with the SNR of 10, this light-sheet
flow cytometer demonstrated a high detection rate of such flowing
microspheres.

4. Summary

We have explored the feasibility of using scanning 2D Airy beams to
form a light-sheet for two-photon flow cytometry. The non-diffracting
distance of such beams ensures a large cross-sectional area with effi-
cient two-photon excitation, which would enable the sampling of flow-
ing cells in large-diameter arteries and veins. Our results demonstrate
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Fig. 4. (a) One representative trace of 15-pm fluorescent microspheres flowing through a microfluidic channel. (b) Enlarged view of one peak from (a).

the generation of such a light-sheet with over 100 pm non-diffracting
distance. This light-sheet can efficiently detect fluorescent microspheres
flowing at a speed of ~1 mm/s in a microfluidic channel of a cross-
sectional area 75 pm X 75 pm at a signal-to-noise ratio of 10. Future
directions include developing this modality for in vivo detection of
flowing cells. Due to their self-healing properties, Airy beams are ideal
candidates for such deep tissue applications.
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